ter are important for mucus viscoelasticity (the ability to absorb and store energy) [3, 4] . Mucins are encoded by MUC genes and synthesised in both goblet cells and submucosal glands [1] .
The main mucins found in airway secretions are the gel-forming mucins MUC2, MUC5AC and MUC5B [1] . Expression of mucin genes varies: MUC2 is expressed in both the epithelium and submucosal glands, MUC5AC is mainly expressed in the epithelium, and MUC5B is expressed mainly in sero-mucous glands [1, 4] .
Asthma and chronic obstructive pulmonary disease (COPD) are common clinical conditions, affecting approximately 300 and 210 million people respectively [5] , with mucus hypersecretion being a clinical feature in many patients ( fig. 2 ). The World Health Organisation lists COPD as having risen to the third leading cause of death globally (causing over 3.1 million deaths in 2012); the aging population has contributed to this, since COPD is a disease appearing in later life and it is strongly associated with the cigarette smoking habit and its long-term effects. Most areas of the world are seeing rising total death rates, with poorer countries having the higher mortality rates [6] .
Overall, the prevalence of asthma is increasing, but prevalence varies largely between countries; 2% of Vietnam's population had asthma in 2010 compared to 33% of Australia's population [6] .
Existing therapies for asthma and COPD are available, but have varying effectiveness. Bronchodilators do not specifically target mucus hypersecretion but act to dilate the airways. These include anticholinergics such as ipratropium bromide -which antagonise muscarinic receptors, and thereby reverse parasympathetic-induced bronchoconstriction -and β 2 -adrenoceptor agonists, such as salbutamol, which directly dilate the airways [7] . Glucocorticosteroids, such as fluticasone, are anti-inflammatory and effective in treating non-severe asthma but poor at targeting the underlying inflammation of COPD due to the differing pathophysiology of the diseases. Corticosteroid resistance is also a gradually developing problem in severe asthma [8] . Therefore, alternative novel therapies to treat this condition need to be investigated. Strategies to improve mucus hydration are relatively effective in cystic fibrosis [9] . However, mucus dehydration is not a notable pathophysiological feature of asthma and COPD. Under these conditions, focussing on limiting mucus hypersecretion, both mucin synthesis and secretion, could be helpful in aspects of both these hypersecretory diseases ( table 1 ).
Pathophysiology of Asthma
A common clinical characteristic of asthma is 'wheezing'; this condition is characterised by impaired ability to exhale (and, in more severe cases, inhale) due to bronchoconstriction -narrowing of the bronchi and bronchioles via contraction of airway smooth muscle -and also excess mucus release in the airways ( fig. 2 ). Other clinical features of asthma include coughing, shortness of breath, re- 87 current bronchitis, persistent cough with colds, and history of chest tightness. The day-to-day symptoms are particularly provoked by encounters with allergens (patients are hypersensitive to antigens and may also have eczema and rhinitis in response), although some asthmatics have asthma that is more exercise-induced [10] [11] [12] .
Airway Inflammation and Remodelling
At the cellular level, asthmatics have raised levels of eosinophils, basophils and mast cells (measured in sputum), contributing to the inflammation of asthma [13] .
A key feature of asthma is airway remodelling: chronic inflammation leads to thickened basement membrane and bronchial smooth muscle, as well as increased submucosal gland mass and goblet cell number. The amount of airway remodelling that takes place is proportional to the amount of inflammatory mediators present [10] .
Inflammatory Mediators
Regarding the mediators involved in asthma and its clinical features, certain pro-inflammatory cytokines (IL-4, IL-5 and GM-CSF) are all produced in higher quantities than in a healthy person. These products attract and activate eosinophils that release further cytokines (multiple interleukins and tumour necrosis factor-alpha (TNF-α)); this leads to airway inflammation [14] . Increased IL-4 levels play a role in increasing differentiation towards a hypersecretory phenotype with higher levels of mucin expression. IL-4 also causes IL-8 release by influencing the differentiation of epithelial cells; this contributes to inflammation via stimulation of neutrophils [15, 16] . Certain inflammatory mediators, such as histamine, act on smooth muscle to induce bronchoconstrictionthis requires lower amounts of mediators in asthmatics than in non-asthmatics [13] .
Mucus in Asthma
Some of the mediators mentioned earlier also stimulate mucus hypersecretion [16] , and asthmatics have higher levels of MUC5AC, one of the main gel-forming mucins, in their airways, as well as increased total mucus levels [1, 2] . MUC5B mucin is also present more in asthma patients than in healthy patients [17] .
Airway obstruction in asthmatics is not only due to bronchial hyperresponsiveness; patients can occasionally die from airway occlusion characterised by mucus plugging. The raised mucus levels in asthmatics result from goblet cell hyperplasia as well as submucosal hypertrophy; this results in less effective mucociliary clearance, which significantly impairs breathing ability and can result in formation of a mucus plug [11, 17] .
Mucus hypersecretion is also linked to the overexpression of the cytokine IL-13 -it has been shown to increase the goblet cell number in both mouse and human airways, which will increase the amount of mucus being synthesised within the cells [11] .
Increased release of mucus from the granules within goblet cells is stimulated by the increased presence of mast cells due to inflammation. The infiltration of these mast cells not only causes granule release but also produces cytokines such as IL-4 and IL-13 which, as previously mentioned, contribute to the detrimental effects of asthma [18] .
Pathophysiology of COPD
COPD comprises chronic bronchitis, small airways disease and emphysema, although these do not exclusively occur in COPD. Impaired breathing ability due to COPD is normally irreversible, since lung destruction and enlarged airspaces caused by emphysema are permanent [19] . Chronic bronchitis defines the long-term airway inflammation causing mucus hypersecretion (since the airway epithelium is irritated). The main clinical symptoms of many COPD patients are those pertaining to chronic bronchitis: persistent cough with sputum production and breathlessness, causing lack of energy [19, 20] . The Medical Research Council has proposed that these symptoms should appear 'for at least 3 months of the year on 2 consecutive years' in order to diagnose chronic bronchitis [21] .
Inflammation and Remodelling
The small airways in a COPD patient undergo tissue remodelling -specifically, fibrosis of the airways occurs as well as smooth muscle hypertrophy [22] . COPD patients have increased macrophages, neutrophils and CD8+ T lymphocytes (differing from the cell types that become more prevalent in asthma) throughout the airways, lung parenchyma and vasculature. Similar to asthma, the increase in these cells correlates with the severity of airflow obstruction [23] .
Inflammatory Mediators
Macrophages contribute to the chronic inflammation since they release pro-inflammatory mediators such as TNF-α, IL-1, and IL-8 in response to cigarette smoke and other irritants [24, 25] . TNF-α binds to one of its 2 recep- 88 tor subtypes and enhances migration and adhesion of inflammatory cells to endothelia [24] . IL-1 increases production of adhesion molecules, which permit neutrophils and lymphocytes to attach to endothelial cells within the airways, while IL-8 recruits and stimulates neutrophils [26] . The neutrophils themselves release oxidants and further cytokines. Elastase is also produced from neutrophils, and this enzyme breaks down elastin in the connective tissue of the lung, contributing to emphysema. CD8+ T cells are increased in number and are cytotoxic, and so can participate in alveolar wall destruction [23] .
Mucus in COPD
Cigarette smoking is the leading risk factor for COPD, and cigarette smoke induces the epidermal growth factor receptor (EGFR) cascade, which results in the production of mucins and goblet cell hyperplasia [27, 28] . EGFR expression is also increased by TNF-α, and smokers and COPD patients have increased EGFR expression in their airways, with associated increased mucin production and goblet cell hyperplasia [28] .
Mucus hypersecretion in COPD, like in asthma, results from submucosal gland hypertrophy and goblet cell hyperplasia; this impairs mucociliary clearance, which exacerbates mucostasis ( fig. 2 ) [17, 27] . There is an association between higher increases in goblet cells with lower FEV 1 values, supporting the hypothesis that increased mucus results in decreased breathing ability. The hypertrophy of submucosal glands in COPD differs from that of asthma, where the gland enlarges while keeping the same distribution of mucous and serous cells; in COPD patients, the ratio favours mucous cells [27] .
Like asthma, mucins MUC5AC and MUC5B are found in higher amounts in COPD patients [3, 17] ; however, COPD differs in that there is also a slight upregulation of MUC2, the other gel-forming mucin found in airway secretions, in goblet cells. However, MUC2 is normally only present in small amounts in airway secretions of COPD patients [1, 17] ; so this small phenotypic difference (between asthma and COPD) may not be of great importance.
Mechanisms of Mucin Synthesis
Mucin proteins are translated from mRNA sequences coded by MUC genes. These mucins then undergo posttranslational modifications such as glycosylation before being released as mature molecules.
Key Molecules
4.1.1 EGFR EGF and its tyrosine kinase receptor, EGFR, are implicated in the regulation of mucin synthesis ( fig. 3 ) [29] . Ligands that bind to this receptor include EGF, transforming growth factor-alpha (TGF-α), and vascular endothelial growth factor (VEGF) -these are proteolytically cleaved by metalloproteases before the active growth factor can be released to bind to EGFR.
Studying mucin synthesis in human asthmatics found increased EGFR expression in both submucosal glands and surface epithelium -increased mucin staining was correlated with increased EGFR immunoreactivity [29] . TNF-α induces EGFR expression in rat airway epithelium [28] ; the level of EGFR expression positively correlates with the level of goblet cell hyperplasia [30] Since asthmatics have increased TNF-α levels from increased eosinophils and infiltrating neutrophils, they have associated higher expression of EGFR, causing excess mucin synthesis via its activation.
Similarly, cigarette smoke upregulates EGFR mRNA and induces phosphorylation, thereby upregulating MUC5AC [29] . Neutrophil-derived reactive oxygen species can also activate EGFR to increase mucin production; since smoking can cause oxidative stress, antioxidants partially prevent experimentally 'smoking'-induced goblet cell hyperplasia [28] .
IL-13
IL-13 is a key cytokine involved in airway inflammation; as mentioned earlier, it contributes largely to increased goblet cells and mucin production [11] . IL-13 regulates airway epithelium signalling via γ-aminobutyric acid (GABA): although it is the main inhibitory neurotransmitter in the central nervous system, its effects in the bronchial epithelium are actually excitatory and its signalling contributes to mucus overproduction [31] . This is due to intracellular chloride ion levels exceeding those in the airway lumen; opening of GABA channels results in Cl -efflux, making the cell membrane potential less negative and easier to excite [15, 30] . IL-13 increases GABA expression in mouse airway epithelial cells in vivo [32] . Nicotine increases expression of GABA A receptors and nAChRs in rhesus macaque bronchial epithelial cells: nAChR activation increases signalling in GABAergic systems; therefore, nicotineinduced increased nAChR expression increases airway GABA A channel activity further [16, 31] .
IL-13 also activates signal transducer and activator of transcription 6 (STAT6), which contributes to excess MUC5AC expression; STAT6 downregulates FOXA2, a negative regulator of MUC5AC [2] . Targeted genetic deletion of FOXA2 in mice causes excessive production of MUC5AC; its downregulation can be brought about by airway inflammation via EGFR signalling and high expression of IL-13 and IL-4 [3] .
Hypoxia Inducible Factor-1
Hypoxia inducible factor-1 (HIF-1) is a transcription factor, stimulated downstream of EGFR activation, that upregulates many genes including VEGF, which activates EGFR to induce mucus production [2] . HIF-1 also binds to the MUC5AC promoter to increase MUC5AC expression [33] . HIF-1 is also activated by IL-13 and responds to inflammation; it could therefore partially contribute to mucin overproduction in inflammatory diseases such as asthma and COPD [2] . Cigarette smoke increases HIF-1 production and activity in human bronchial epithelial cells, and other HIF-1 signalling pathways, encouraging goblet cell hyperplasia [33, 34] . Example of a signalling cascade leading to mucin protein production following EGFR activation by ligand binding. Ligands bind to the extracellular domain of EGFR, causing the tyrosine kinase domain to the phosphorylate part of the receptor located in the cytoplasm. This causes recruitment of effector molecules such as JAK and MEK proteins. These are involved in pathways that modulate DNA synthesis; JAK phosphorylates STAT protein, which binds to specific DNA motifs to regulate expression of genes; in this case, mucin (MUC) genes, leading to mucin synthesis. ERK = Extracellular signal-regulated kinases; JAK = Janus kinase; MEK = mitogen-activated protein kinase; P = phosphate group; PI3K = phosphoinositide 3-kinase. Inhibition of HIF-1 activity by the use of anti-HIF-1α siRNA in human bronchial epithelial cells reduced MUC5AC expression following cigarette smoke exposure [33] . Knockout of HIF1A gene in vivo in a mouse model of asthma (ovalbumin-induced) reduced airway hyperresponsiveness, goblet cell hyperplasia and decreased the release of several cytokines, including IL-4 and IL-13 [35] . This indicates a role for HIF-1 in mucin synthesis and airway disease.
Goblet Cell Hyperplasia
In hyperplasia, the lack of inhibitory effect of metaphase-blockers suggests that the formation of new goblet cells does not occur via mitosis [28] . Instead, these cells form via differentiation of existing, non-granulated secretory cells. This hyperplasia is dependent on IL-13 expression and FOXA2 downregulation mentioned earlier [29] . Increased goblet cell number is associated with increased total amount of mucins synthesised, contributing to airflow obstruction.
Mechanisms of Mucin Secretion
Mucins are stimulated for release from their intracellular granules upon irritation of the airways [1] . Unlike constitutive exocytosis that depends on the rate of synthesis of secretory products, mucin secretion is regulated exocytosis: secretory machinery within cells must be activated by ligands [3] .
Myristoylated Alanine-Rich C-Kinase Substrate
Myristoylated alanine-rich C-kinase substrate (MARCKS) enables the intracellular mucin granules in airway secretory cells to localise near the plasma membrane, which also requires MARCKS-mediated cytoskeletal remodelling ( fig. 4 ) [34] . The importance of MARCKS in mucin secretion was demonstrated when a lipidated peptide was introduced into human bronchial epithelial cells in vitro to interfere with MARCKS function; mucin secretion was significantly reduced [36] .
Neural Control
Cholinergic agonists (e.g. methacholine), mimicking part of the parasympathetic nervous system, cause mucin secretion from murine goblet cells in vivo -there is uncertainty about the exact mechanism, but it is suggested to be indirectly via nucleotide release induced by smooth muscle contraction [37] . The nucleotides bind to P2Y purinoceptor 2 (P2Y 2 ) receptors (responsive to ATP and UTP, implicating their importance in secretion regulation), which generate intracellular second messengers to activate the exocytic machinery that releases mucins into the airway lumen [2, 3] . ATP release is induced by mucous cells undergoing inflammation, mechanical deformation or irritation [3] .
Submucosal glands are innervated parasympathetically; parasympathetic stimulation of human airways increased the volume of secretions and also glycoprotein output [38] . These effects can be reproduced by mAChR agonists and blocked by muscarinic antagonists [39] , hence, the possible therapeutic benefit of anticholinergics in existing therapies for asthma and COPD.
Inhibition of Mucin Synthesis
There are many aspects of mucin synthesis that have been therapeutically targeted ( fig. 5 ) to reduce mucin levels in the airways and to theoretically improve the symptoms of asthma and COPD. A number of inhibitors of these targets are in the process of being developed ( fig. 6 ), and are discussed in this section.
EGFR Tyrosine Kinase Inhibitors
Inhibition of EGFR tyrosine kinase has been a major interest as therapy for airway hypersecretory diseases. Inhibition reduces mucin synthesis and goblet cell hyperplasia [17, 29] . Analysis of MUC5AC in human cells pretreated with TGF-α found increased expression that was blocked by selective EGFR tyrosine kinase inhibitors (EGFR-TKIs) such as BIBX1522 [28, 29] . These inhibitors also prevent IL-13-induced goblet cell hyperplasia and neutrophil recruitment. Furthermore, upregulation of EGFR mRNA and its induced phosphorylation are prevented by EGFR tyrosine kinase inhibition [29] . BIBX1382 is a similar EGFR-TKI that inhibits the intracellular domain of EGFR but failed a Phase I trial due to low bioavailability and an undesirable benefit: risk ratio [40] .
Gefitinib is an EGFR-TKI used as an anti-cancer drug and has shown to reduce goblet cell hyperplasia in mice, suggesting its potential use in reducing mucus synthesis in hypersecretory phenotypes [41] . However, there are adverse effects to many EGFR-TKIs including gefitinib, such as papulopustular eruptions, as well as lack of successful trials on human asthma and COPD patients [42] .
A safety and efficacy trial of an EGFR antagonist (BIBW 2948) published in 2010 found that this EGFR-TKI had no significant efficacy in reducing mucin stores in airway epithelial cells of COPD patients, and was not well tolerated among patients. Twenty four percent of the BIBW 2948 subjects discontinued their treatment due to adverse events (compared to 4.3% of the control group) [43] .
Therefore, development of EGFR-TKIs with improved efficacy and side effect profiles is needed before they can be considered treatment options for use in mucus hypersecretory patients.
Mitogen-Activated Protein Kinase-13 Inhibitors
Mitogen-activated protein kinase-13 (MAPK13) can be activated by human calcium-activated chloride channel-1 (hCLCA1), and this IL-13-induced signal transduction stimulates MUC5AC gene expression and therefore, mucin synthesis [44] . Consequently, suppression of MAPK13 expression using siRNA significantly reduced Fig. 4 . Mechanism of action of MARCKS. Upon activation, MARCKS is phosphorylated by PKC, weakening the electrostatic bonds between the phosphorylation site domain and the acidic head groups of the phospholipid bilayer cell membrane. This allows MARCKS to move from the membrane to the cytoplasm to attach to intracellular mucin-containing granules via affinity between granule membrane proteins, including CSP and HSP-70 bound to MARCKS in the cytoplasm. MARCKS is then dephosphorylated and binds to actin-myosin systems to mediate transport of granules to the cell membrane, to which they are then docked via interactions between SNARE proteins on the target and vesicle membranes. the expression of MUC5AC in human lung epithelial cells [44] . Inhibition of p38 kinases, a family including MAPK13, prevents mucus hypersecretion and airway hyperresponsiveness induced by allergens [45] . This suggests a potential pharmacotherapy for asthma, which is largely exacerbated by allergens (e.g. pollen, dust), however, perhaps less effective in COPD therapy since its pathophysiology depends less on environmental allergens.
Currently, there is lack of clinical trials describing safety and efficacy of MAPK13 inhibitors in therapy for mucus hypersecretion -this is due to an absence of sufficiently specific and potent inhibitors. BIRB-796, an inhibitor of the MAPK family, blocks MAPK14, although is too weak for MAPK13, despite the structural homology between the 2 [44] . BIRB-796 formed the basis of developing compounds with combined potency for MAPK13 and MAPK14, which highlighted the need for drugs with higher selectivity between the kinases. Further development will potentially improve drug specificity and maximise inhibition of mucin synthesis.
CLCA1 Inhibitors
The CLCA1 protein mentioned earlier has been identified as an important factor in mucus hypersecretion, although with an unknown exact mechanism: increased CLCA1 expression in mice increased goblet cell hyperplasia [17] and COPD patients have higher CLCA1 levels [44] . Furthermore, its transduction into humans induced mucus production and MUC5AC expression, while its blockade suppresses mucin expression. This agrees with increased hCLCA1 expression found in bronchial epithelia of asthmatics and COPD patients [46] . However, a causative relationship between CLCA1 and increased mucin synthesis has not been demonstrated.
Niflumic acid is a non-selective experimental human CLCA1 inhibitor that significantly reduced mucus production and MUC5AC mRNA levels in human airway mucosal cells in vitro [46, 47] . It has also been shown to reduce IL-13-induced goblet cell hyperplasia in epithelial cells from asthmatics in vitro [48] .
Contrarily, a murine study published in 2005 [49] stated that Gob-5, the mouse ortholog of CLCA-1, was not required for mucin overproduction. Knockdown of Gob-5 did not result in altered MUC5AC production and had no effect on inflammation in allergic mouse models [49] . The discrepancy may be due to the non-selectivity of niflumic acid for CLCA1 and suggests that novel therapy targeting hCLCA1 may not be the most useful therapeutic approach. 
HIF-1 Inhibitors
As discussed earlier (section 4.1.3), the HIF-1 transcription factor contributes highly to mucin synthesis; so is another potential therapeutic target to reduce EGFR signalling and MUC5AC gene expression.
YC-1 (3-(5 ′ -hydroxymethyl-2 ′ -furyl)-1-benzylindazole) inhibits HIF-1 following transcription; this drug has been studied for treatment of hypertension, atherosclerosis and as an anti-cancer drug [50] . Experiments using YC-1 as a HIF-1α inhibitor found that levels of MUC5AC expression and secretion were significantly reduced in human bronchial epithelial cells treated with YC-1 in hypoxic conditions [51] .
Currently, there have been no clinical trials analysing the effect of YC-1 in asthmatics or COPD patients. However, due to its anti-oncogenic function, YC-1 may not be suitable for use in reduction of mucin synthesis via HIF-1 inhibition, as it blocks cell proliferation and increases cell death in hypoxic situations [52] .
Immunotherapy
Monoclonal antibodies (mAbs) acting against the extracellular domain of the EGFR could potentially block EGFR activity on mucin synthesis via the immune system of an asthma/COPD patient. Cetuximab is an example of a mAb against EGFR and is used to treat various human cancers [53] ; however, there are no data available about its effect on airway mucus production.
MAbs acting against various chemokine receptors are also potential therapeutics for hypersecretory airway diseases: for example, anti-CCR3 mAbs were shown to reduce the expression of MUC5AC and EGFR mRNA in asthmatic mouse airway cells [54] . However, clinical trials of this mAb have not yet been conducted on humans or published -generally, studies on mAbs have not had robust results, for reasons such as infections during treatment [55] .
Receptor Antagonists
Importance of GABA in IL-13-induced inflammation and mucin production in asthma was highlighted in section 4.1.2, and GABA A receptor antagonists (bicuculline, picrotoxin) reduce mucin production in airway rhesus monkey epithelial cells [16, 31] . However, non-selective GABA blockade is unlikely to be an appropriate therapy for asthma or COPD, since its inhibitory effects are too widespread in the body and its blockade would bring about detrimental or undesirable effects (such as convulsions, hypertension, and insomnia); many are due to brain overactivity.
Statins
Simvastatin is an effective HMG-CoA reductase inhibitor (statin) that reduces cholesterol synthesis [56] . It significantly inhibits airway mucus production in vitro [57] and, upon systemic administration, decreases goblet cell hyperplasia by 33% (p < 0.005) in OVA-mouse models of asthma [58] . IL-13 inhibition may be responsible for the effect on goblet cells [59] .
In OVA-challenged mouse models of asthma, lovastatin suppresses airway mucus secretion via reduced goblet cell hyperplasia and also inhibited MUC5AC mRNA expression [60] . Rosuvastatin is an additional statin that inhibits mucus hypersecretion via antagonism of the GABA A receptor in murine asthma models [61] . Rosuvastatin has not yet been featured in trials of asthmatics, but the RODEO randomised controlled trial (RCT) of 2012 on 99 COPD patients did not find improvements in pulmonary function [62] .
The STATCOPE RCT assessed the effects of 40 mg simvastatin daily on risk of exacerbations in moderatesevere COPD patients; no significant effects were found on the frequency of exacerbations or lung function [56] . However, this differs from findings of other studies, which suggest statins do reduce frequency of COPD exacerbations [63] and also slow the rate of lung function decline in smokers [64] . The STATCOPE trial may have been perhaps affected by its early termination, and did not critique the previous studies to suggest reasons for the inconsistency. STATCOPE's lack of improvements on lung function using simvastatin was similar to that found in the RODEO trial using rosuvastatin.
As statins are already recommended for certain cardiovascular issues, a lot of data exist regarding their safety. A systematic review of statin safety from 2006 [65] looked at 4 sources (cohort studies, RCTs, notifications of adverse events of patients taking statins, and 152 case reports) to assess the risks associated with statins. The authors concluded that statins are safe and the benefits much outweigh the low risks, although polypharmacy must be considered due to certain drug-drug interactions.
Ellagic Acid
Ellagic acid (EA) occurs naturally in a number of fruits, and decreases levels of Th2 cytokines (including IL-4, IL-5 and IL-13) and eosinophils in a mouse model of asthma [66] . In concert with this reduction in inflammation, EA also inhibits goblet cell hyperplasia in similar models in a dose-dependent manner, thereby indicating that EA is a candidate for reducing mucin synthesis [67] . Mice treated with EA (10 mg/kg) had 80% less mucus secretion upon inflammatory stimulus compared to controls [67] . To the knowledge of the authors, there are no data regarding the efficacy of EA on human airway epithelial cells. Further research is merited to assess the minimum doses needed to see the above effects.
Ginkgolide B
Ginkgolide B (GKB), extracted from Ginkgo biloba leaves, interferes with the MAPK pathway [68] . GKB significantly inhibited the activation of MAPK in OVA-induced mouse models of asthma, and reduced asthma-induced goblet cell hyperplasia [68] . However, the paper gave no numerical comparison of goblet cell count or statistical tests used to determine the significance of these findings.
Similar to EA, GKB reduces secretions of inflammatory cytokines IL-5 and IL-13 in ovalbumin-induced mouse models of asthma; secretions were much lower than the control ovalbumin-sensitised mice that did not receive ginkgolide treatment [68] .
Ginkgolides have been studied in randomised placebo-controlled trials for research into Chinese herbal medicine, including a 1997 trial on 61 asthmatics [69] , which found a statistically significant improvement in lung function (15% increase in FEV 1 , p < 0.05) in the ginkgolide group compared with the control. However, there are several problems with this trial, such as lack of blinding and randomisation, which could have confounded results or introduced bias. Furthermore, the use of GKB may be irrelevant to the present review, as the improved lung function is likely more due to reduced airway inflammation rather than direct effects on synthesis or secretion of mucins. Current literature on GKB does not describe if it has indirect effects on MUC5AC expression via inhibition of MAPK13.
Inhibition of Mucin Secretion
Another method of reducing airway mucus levels is to reduce its secretion (via regulated exocytosis). Several molecules involved in this process, especially MARCKS (section 5.1), have been targeted by novel therapies ( fig. 7 and 8 ). However, it should be noted that the inhibition of secretion might lead to intracellular mucin accumulation, which upon an 'unexpected' or 'overlypowerful' stimulus, may lead to the release of this accumulated mucin, with potentially catastrophic flooding of the airways.
MARCKS Blockade
The myristoylated N-terminal sequence (MANS peptide) is complementary to the first 24 amino acids in the N-terminal region of MARCKS; MANS peptide introduction to mouse cells reduced airway obstruction and 96 mucin secretion in a concentration-dependent manner [70] . A similar result was seen in human bronchial epithelial cells [17] . By blocking MARCKS, the mucin-containing intracellular granules cannot be linked to the apical membrane for release. MANS peptide-treated mice also showed lower increases in pro-inflammatory cytokine levels and neutrophil migration than the control [70] ; this implies that MARCKS may also have a role in inflammation in asthma and COPD.
Bio-11006, a shorter analogue of MANS and also an inhibitor of MARCKS, reduced mucus hypersecretion in airway cells of COPD patients and improved their lung function in a randomised double-blinded controlled trial (the Breath-1 study) [71] . However, this study has a comparatively small sample size (n = 172) and the treatments (Bio-11006 or half-normal saline as the control) were administered to patients only for 21 days, which is an insufficient period to analyse the effects of a long-term disease, such as asthma and COPD or to identify true side effects. BioMarck Pharmaceuticals, who manufactured Bio-11006, funded this study that could have potentially introduced bias in the data selected to be published. Since this study was published as an abstract in 2011, there have been no peer-reviewed published data further describing the effects of Bio-11006 on mucus hypersecretion, although BioMarck is set to carry out a Phase IIb trial in 2015.
MARCKS movement to the membrane, and therefore, its function in aiding exocytosis, can be inhibited by inhibition of protein kinase C (PKC) [46] ; this could be an indirect therapeutic target to reduce the secretion of mucus. However, it is unlikely that non-selective PKC inhibition could be beneficial as PKC phosphorylates many substrates for a number of physiological functions -for example, its inhibition would impair smooth muscle contraction of many human systems. fig. 4 ) , and is inhibited by MAL3-101 [72] . MAL3-101 reduces the binding of HSP-70 to MARCKS and cysteine string protein (CSP) in normal human bronchial epithelial cells. Upon phorbol 12-myristate 13-acetate stimulation of mucus secretion, MAL3-101 inhibits the translocation of MARCKS between the plasma membrane and cytoplasm, significantly inhibiting mucin secretion [72] . This movement was also inhibited by the use of HSP-70 siRNA.
Inhibition of Mucus Synthesis and Secretion
However, there have been no clinical trials assessing the safety and efficacy of MAL3-101 in asthmatics or COPD patients; these are required if MAL3-101 is to progress as a potential new treatment for hypersecretory airway disease.
Soluble NSF Attachment Protein Receptors Cleavage
Another potential novel therapeutic is the use of bacterial neurotoxins, for example, those of Clostridium botulinum , which cleave soluble NSF attachment protein receptors (SNARE) proteins [17] . As mentioned ( fig. 4 ) , SNARE proteins in airway secretory cells aid fusion of mucin-containing granules to the apical membrane; so targeting these cells to impair SNARE function could directly reduce release of mucus. However, SNARE proteins are also involved in docking of vesicles containing neurotransmitters [17] . Thus, administering these neurotoxins might also limit acetylcholine release, which would impair neurotransmission and cause a number of unwanted side effects (e.g. tachycardia). Consequently, these toxins would need to be targeted specifically at, for example, goblet cells to be effective and without side effects.
Munc Inhibitors
Munc proteins are important in the SNARE complex formation that aids vesicle docking and exocytosis ( fig. 3 ) . Therefore, inhibitors of Munc proteins (particularly Munc18) could suppress mucin secretion [17] . However, targeting vesicle exocytosis may not realistically be the best approach since it is vital in other processes, for example, neurotransmission, and there are no therapeutics of this type yet in studies.
P2Y 2 Agonists/Antagonists
The P2Y 2 , mentioned in section 5.2, has also been targeted for mucus-regulating drugs. Since P2Y 2 receptors interact with ATP and UTP to bring about mucin secretion, P2Y 2 antagonism could inhibit mucin hypersecretion [17, 73] . However, this system also regulates water secretion, which aids mucociliary clearance; P2Y 2 agonists (such as diquafosol) have also been studied to improve mucus hydration. Although these drugs will not inhibit synthesis or secretion of mucin, they may still help treat airway hypersecretory diseases through mechanisms of mucus clearance [73] .
Macrolide Antibiotics
Macrolides are antibiotics, including azithromycin (AZM) and clarithromycin (CAM), which interfere with bacterial protein synthesis [74] , but also reduce airway inflammation via mechanisms unrelated to their antibacterial properties. For example, macrolides release small amounts of mucin from isolated airway submucosal glands via partial agonism at muscarinic receptors, but conversely suppress stimulated mucin release by interfering with intracellular calcium handling [75] .
CAM reduced airway mucus production in OVA-induced rats in vivo in a dose-dependent manner [76] . This study also specifically looked at MUC5AC secretion in human cells (NCI-H292 line) and found that it was decreased with both CAM and erythromycin (at concentrations equal to, or above 10 -6 mol/l). MUC5AC mRNA expression was also significantly lower in macrolidetreated NCI-H292 cells and human nasal epithelial cells than controls [76] . Significantly, these results for CAM and AZM have been reproduced in a separate study [77] . The reduced MUC5AC mRNA transcription was suggested to be via macrolide inhibition of IL-13 signalling pathways [78] .
In an RCT of 1,117 COPD patients, AZM reduced the frequency and total number of acute exacerbations [77, 79] , which could potentially be due to impaired mucus synthesis and secretion, although the study did not measure mucin levels in the patients' sputum or nasopharyngeal samples. The smaller (n = 99) AZISAST trial, measured similar primary endpoints, but this time in asthmatic patients -however, AZM did not significantly reduce acute exacerbations [80] . A recent meta-analysis of AZM treatment in bronchial asthma analysed 8 RCTs and found that AZM did improve peak expiratory flow and asthma control test scores and was well tolerated [81] .
A major hindrance to using these antibiotics is the emergence of bacterial resistance; macrolides are commonly used to treat bacterial infections and the use of macrolides in patients with chronic airway disease could reduce their anti-bacterial efficacy. The impact of airway mucus hypersecretion and mucus plugging, coupled with impaired breathing ability, in asthma and COPD patients highlights the role of excessive mucus production in pathophysiology and clinical manifestation of these respiratory conditions. Existing therapies focus more on reducing inflammation (via glucocorticosteroids) and inducing bronchodilation, rather than specifically targeting airway mucus hypersecretion. Consequently, there is an unmet need to develop pharmacologically active compounds designed to target excess mucin synthesis and secretion.
Many features of both mucin synthesis and secretion have been discussed in this study that could be therapeutically targeted for airway hypersecretory diseases. Some targets, such as EGFR (involved in mucin synthesis), and SNARE and Munc proteins (involved in mucin secretion), have not advanced significantly due to how widespread their physiological effects are. For example, blocking proteins involved with exocytosis may reduce mucin secretion, but would also possibly block neurotransmission and other homeostatic secretory processes.
Other aspects, such as blockade of MARCKS (involved in secretion), may be more promising for future therapies. The upcoming Phase IIb trial of Bio-11006, a MARCKS inhibitor (section 7.1), will be a helpful indication as to whether this form of novel therapy will be efficacious and safe in COPD patients, although there are yet to be similar investigations among asthmatics.
Many of the novel compounds discussed here ( fig. 6  and 8 ) would be more likely to progress clinically if they had improved selectivity as inhibitors of mucin synthesis and/or secretion specifically in airway mucin-producing cells. However, to develop this level of selectivity is a challenge, and would likely also require high financial and research input. Nevertheless, although seemingly still in the early days for these novel therapies, properly designed clinical trials will be required to elucidate the contribution of mucus hypersecretion to disease progression in asthma and COPD, and to indicate new pathways for intervention.
